A cavity ring-down spectroscopy method to measure sputter erosion and estimate the lifetime of electric propulsion systems was developed. We measured sputtered aluminum atoms from the acceleration grid of an ion thruster. An external-cavity diode laser was used as the probe laser to measure the aluminum transition line from ground state to upper state, at 394.512 nm (vacuum). The erosion rate of the acceleration grid was estimated to be ng/s.
Nomenclature

Introduction
Ion thrusters have been used 1) as the main propulsion system of the HAYABUSA and HAYABSUSA2 asteroid explorers, developed by the Japan Aerospace Exploration Agency (JAXA). Ion thrusters offer a number of attractive features, including high specific impulse of 3000 sec and a long lifetime of no less than 10,000 hours. The long lifetime, however, makes lifespan assessment difficult, and durability certification is very expensive. Instead of conventional long duration wear tests for lifetime validation, JAXA has developed a numerical analysis tool called the "JAXA Ion Engine Development Initiative (JIEDI) tool" for lifetime certification. 2) As yet, however, there is a little verifiable data for use with this program. To obtain verifiable data, an in situ lifetime estimation sensor is required.
The lifetime of an ion thruster is limited by the erosion of the acceleration grid. This can be evaluated from the erosion rate, which can be measured from the flux of sputtered particles from the grid. There are various methods for measuring sputtered particle flux, including laser induced fluorescence (LIF) and laser absorption spectroscopy (LAS). It is difficult, however, to make direct quantitative number density measurements of sputtered particles from LIF. LAS is used for measuring absolute number density of the sputtered particles in some electric propulsion devices, 3) but the sensitivity of the technique is not sufficient to detect the density of eroded particles from the acceleration grid of an ion thruster. Cavity Ring-Down Spectroscopy (CRDS) can measure absolute number density with high sensitivity and it is suitable for measuring the number density of sputtered particles from the acceleration grid.
In Section 2 of this paper, we explain the theory of CRDS measurement of aluminum erosion rate. In Section 3, we explain the experimental setup of the CRDS erosion sensor and the details of the ion thruster developed at Kyushu University. In Section 4, we report the results of measuring aluminum spectra and we calculate the erosion rate of the acceleration grid based on the results. In Section 5, we offer conclusions.
Measurement of Aluminum Erosion Rate by Cavity Ring-Down Spectroscopy
Cavity Ring-Down Spectroscopy
The CRDS process is based on laser absorption spectroscopy and depends on a high-finesse optical cavity. [4] [5] [6] [7] Details are shown in 8). Figure 1 shows a schematic of the CRDS system. As described in Ref. 8) , the probe laser is coupled into the cavity, where it bounces back and forth between highly reflective mirrors. The light within the cavity decays slowly and makes many passes between the mirrors (~10 � passes for mirror reflectivity � � 0�����.), and this leads to an increase in effective path length and sensitivity.
A detector placed behind the cavity measures the intensity of light exiting the cavity, which decays exponentially; this attenuation of the signal is defined as ring-down signal S(t, ν), where t is time and ν is laser frequency. S(t, ν) is given as
where � � is the initial ring-down signal and the ring-down time ���� is the decay time from � � to � � ��. In practice, the measured ring-down signal is fitted with an exponential, and ���� is extracted. If there are no absorbing species in the cavity, ring-down time � � is constant --this is defined as empty cavity ring-down time. ���� is related to absorption coefficient k(x, ν), length of the ring-down cavity L, and mirror reflectivity R by
where c is the speed of light, and x is the position along the optical axis. If the absorber is uniformly present over a column length � ��� , then � ���� ���� can be replaced with the product ����� ��� . This is equal to sample absorbance Abs(ν):
In this way, we can determine Abs(ν) only by combining ���� and � � , which reflect the different temporal decay rates with and without the absorber. A commonly used approach for finding an absorbing species concentration is to scan the laser frequency across the absorption line and measure the frequency-integrated spectrum � �������� (that is, the spectrum line area). Assuming that the spectroscopic line parameter, which transits from lower state � to upper state �, is known, the measured area, � �������� , can be readily converted to the path-integrated concentration of the lower state � � � �� by
where � � , � � are the degeneracy of state, ν �� is the resonant frequency of transition, and � �� is the transition Einstein � coefficient. Fig. 1 . Sketch of cavity ring-down spectroscopy set-up.
Aluminum detection scheme
In this paper, the target of the CRDS erosion sensor is sputtered aluminum atoms from the acceleration grid of the ion thruster. The target line is an absorption line from ground 
Onion-peeling
In this paper, spatial number density distribution is estimated using the onion-peeling technique. 10) Assuming that the number density of sputtered particles is symmetric in the azimuthal direction along the thruster axis, we can unfold the number density from the path-integrated number densities. The onion-peeling technique is presented in detail in Ref. In this paper, the interval d of the laser position is the same as the thickness of the onion peels, as shown in Fig. 3 . Each pass of the laser traverses the center of each peel, so the maxima of i and k are the same. Figure 4 shows a detailed schematic of our CRDS erosion sensor measurement setup. The probe laser path is parallel to the thruster exit plane (acceleration grid) and located at 5 mm downstream of the plane. The laser is an external-cavity diode laser (ECDL) and is capable of scanning ~20 GHz in the aluminum transition area with less than 1 MHz linewidth. An optical isolator is used to prevent back reflections into the ECDL. A wave meter is used for tuning the laser wavelength of the ECDL. An etalon (free spectral range = 1.5 GHz) and a hollow cathode lamp (HCL) are used for fine frequency calibration. The HCL gives the aluminum spectrum by optogalvanic spectroscopy; 12) its FWHM is less than 5 GHz, and the translational velocity can be ignored. A lock-in amplifier is used for improving the SN ratio. An Acousto-Optic Modulator (AOM) is used as an optical chopper and can extinguish the incoming laser within ~2μs if it receives a command signal from the data logger. A neutral density (ND) filter is used for controlling the laser intensity. In order to couple the TEM �� mode beam into cavity, we use a single mode optical fiber. The reflectivity of the HR mirrors is 99.95%.
Experimental Setup
Cavity ring-down spectroscopy erosion sensor
The length of the ring-down cavity is 0.55 m and the free spectral range is 0.27 GHz. The ion thruster is set on the stage and the relative height between the thruster axis and the probe laser can be changed. The light passes through the multimode fiber and is detected by the photomultiplier tube (PMT). The data logger records the etalon signal, the HCL signal, and the modulation signal. It also records the ring-down signal for each peak detected by the PMT. Eventually, all the recorded data are sent from the data logger to the computer and analyzed using LabVIEW to extract ����. Figure 5 shows the components of the ion thruster developed at Kyushu University. Only the acceleration grid is made of aluminum, so that erosion of the acceleration grid can be measured in isolation from erosion of other components. Table 1 shows the grid parameters. There are seven holes, spaced 3.5 mm apart; the ion beam diameter is about 10 mm, as shown in Fig. 6 . Table 2 shows operating and experimental parameters in this experiment. We note that these are not optimum values for this thruster; these values are chosen to create a high erosion rate of the acceleration grid. Figure 7 shows the aluminum spectra when the probe laser is set at the center of the grid for various laser intensities. All plots were averaged every 0.27 GHz (the cavity free spectral range). 0 GHz was determined from the spectrum obtained by optogalvanic spectroscopy. A neutral density filter (ND) was used to reduce the laser intensity, and the incident laser power was measured in front of the cavity mirror using a photodetector. The given laser power is maximum power while scanning, because the laser intensity changes with frequency scanning. With the decrease in laser intensity, the absorbance increases, that is, saturation is observed at incident laser power or 68 W and 16 W. The saturation parameter, Ssat, is defined as Eq. (7), but it is not estimated exactly, since the laser path in the cavity is not on the axis.
Ion thruster
Results and Discussion
where B12 is the Einstein B coefficient,  is spectrum energy density, and R is effective relaxation frequency.
At incident laser power of 3.2 W, Ssat is estimated as 0.03 using the following equation and Ref. 13); the saturation effect is almost negligible at 3.2 µW. Figure 8 shows the aluminum spectra for various probe laser positions. The absorbance of aluminum decreases as the distance between the probe laser and thruster axis increases. At 0 mm, the spectrum has two peaks 14) , due to the Doppler shift of the sputtered aluminum atoms. The whole spectrum is fitted as six Gaussian functions due to the aluminum hyper fine structure of aluminum 15) and symmetric Doppler shift. The frequency-integrated spectrum is calculated as � �������� and substituted into Eq. (4) to calculate the path-integrated concentration of the lower state � � � �� . Figure 9 shows the path-integrated concentration of the ground state of aluminum. The density distribution is estimated from the linear density using the onion-peeling technique, as shown in Fig. 10 . Absorbance, ppm
Relative frequency, GHz 
We ignore the upper state population of aluminum atoms, since Azer et al. 16) showed that the population follows a Boltzmann distribution and its Boltzmann temperature is in the range of 300-2000 K. That is, we estimate the aluminum number density as the sum of two ground state populations ( 
Conclusion
A Cavity Ring-Down Spectroscopy erosion sensor is under development for the estimation of the lifetime of electric propulsion systems. In the present experiments, we measured the number density and velocity distribution of eroded atoms from the acceleration grid of an ion thruster. From these results, we estimated the erosion rate of the aluminum acceleration grid to be ��� � �� ng/s. In this way, we can measure slight erosion in situ. In other words, it is a very reasonable and powerful measurement technique.
These measurements and analysis techniques can also be applied to measurement of the erosion rate in Hall thrusters, and will contribute to validation of the JIEDI tool and to the development of ion thrusters for space propulsion.
